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Jet-quenching theory from an experimentalists view  
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Gluon radiation
Multiple final-state gluon radiation off of 
the produced hard parton induced by 
the traversed dense colored medium

Medium

E
Hard

Production

!=xE

!=(1-x)E

"
!

"qT~µ

• Mean parton energy loss 
∝ medium properties:
-ΔE ~ ρgluon  (gluon density)

-ΔE~ ΔL2    (medium length)            
⇒ ~ ΔL with expansion

• Characterization of medium
via transport coefficient
is mean pT2 transferred from the 
medium to a hard gluon per unit 
path length λ

   ~ 2-10 GeV/fm

A lot of theories/models on the market: 

no quantitive agreement* (based on the
available measurements) at RHIC so far!

Partonic spectrum
Ejet

Nuclear geometry
L

Energy loss
ΔE(Ejet)

Fragmentation
D(Ejet,ΔE)

General form: ⊗ ⊗⊗

*Remark: The differences might be due to NLO corrections !? (Thesis and Nucl.Phys.A820:115C-118C,2009)

Naive summary:
To varying extent all theories (except 
AdS/CFT) predict a softening of 
the fragmentation and an overall 
broadening of the jet shape! 
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Reminder: Di-hadron correlations systematics
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STAR, arXiv 1004.2377
4
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FIG. 3: Backrgound-subtracted azimuthal angle difference distributions for different ptrig
T (columns) and passoc

T (rows) in 0-12%
central Au+Au collisions. The open circle markers indicate results from d+Au collisions. The bands around the data points
show the systematic uncertainty from v2 determination.

of the yield in central Au+Au collisions compared to
d+Au collisions. The yield depends on the ∆η-selection
used, indicating that there is significant associated yield
at ∆η > 0.7. The relative size of the enhancement de-
pends on passoc

T and ptrig
T . With increasing ptrig

T (going
from left to right in Fig. 3), the jet-like yield as mea-
sured in d+Au collisions increases, reducing the relative
size of the enhancement in Au+Au. The associated yield
decreases with passoc

T for both d+Au and Au+Au colli-
sions, but the decrease is stronger in Au+Au, so that the

measured yields in Au+Au approach the d+Au results at
the highest passoc

T . A summary of the yields is presented
in one of the following sections, Fig. 6.

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at the largest passoc

T 2 < passoc
T < 4 GeV/c, and

ptrig
T > 3 GeV/c (bottom row of Fig. 3), where a broad-

ening is seen, while the yield is smaller than in d+Au.
For the largest ptrig

T (6 < ptrig
T < 10 GeV/c) a narrow
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FIG. 3: Backrgound-subtracted azimuthal angle difference distributions for different ptrig
T (columns) and passoc

T (rows) in 0-12%
central Au+Au collisions. The open circle markers indicate results from d+Au collisions. The bands around the data points
show the systematic uncertainty from v2 determination.

of the yield in central Au+Au collisions compared to
d+Au collisions. The yield depends on the ∆η-selection
used, indicating that there is significant associated yield
at ∆η > 0.7. The relative size of the enhancement de-
pends on passoc

T and ptrig
T . With increasing ptrig

T (going
from left to right in Fig. 3), the jet-like yield as mea-
sured in d+Au collisions increases, reducing the relative
size of the enhancement in Au+Au. The associated yield
decreases with passoc

T for both d+Au and Au+Au colli-
sions, but the decrease is stronger in Au+Au, so that the

measured yields in Au+Au approach the d+Au results at
the highest passoc

T . A summary of the yields is presented
in one of the following sections, Fig. 6.

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at the largest passoc

T 2 < passoc
T < 4 GeV/c, and

ptrig
T > 3 GeV/c (bottom row of Fig. 3), where a broad-

ening is seen, while the yield is smaller than in d+Au.
For the largest ptrig

T (6 < ptrig
T < 10 GeV/c) a narrow
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The “Ridge”

d+Au, 200 GeV
3 < pt,trigger < 4 GeV

pt,assoc. > 2 GeV

Au+Au 0-10%

d+Au: “jet”-peak, 
symmetric in φ, η

Au+Au: Additional correlation strength 
at small Δφ and large Δη: The “Ridge”

“Jet”-
peak

“Jet”-
peak

Near-side Δη
independent ridge Away-side 

(and v2)
Away-side 

Phys.Rev.C80:064912 (2009)
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FIG. 3: Backrgound-subtracted azimuthal angle difference distributions for different ptrig
T (columns) and passoc

T (rows) in 0-12%
central Au+Au collisions. The open circle markers indicate results from d+Au collisions. The bands around the data points
show the systematic uncertainty from v2 determination.

of the yield in central Au+Au collisions compared to
d+Au collisions. The yield depends on the ∆η-selection
used, indicating that there is significant associated yield
at ∆η > 0.7. The relative size of the enhancement de-
pends on passoc

T and ptrig
T . With increasing ptrig

T (going
from left to right in Fig. 3), the jet-like yield as mea-
sured in d+Au collisions increases, reducing the relative
size of the enhancement in Au+Au. The associated yield
decreases with passoc

T for both d+Au and Au+Au colli-
sions, but the decrease is stronger in Au+Au, so that the

measured yields in Au+Au approach the d+Au results at
the highest passoc

T . A summary of the yields is presented
in one of the following sections, Fig. 6.

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at the largest passoc

T 2 < passoc
T < 4 GeV/c, and

ptrig
T > 3 GeV/c (bottom row of Fig. 3), where a broad-

ening is seen, while the yield is smaller than in d+Au.
For the largest ptrig

T (6 < ptrig
T < 10 GeV/c) a narrow

Increasing pt,trigger
In

cr
ea

sin
g 

p t
,a

ss
oc

0-12% Au+Au

The “Mach-
Cone”! 
Away-side 
structure dep. 
on pTTrig!



An elegant solution (QM11): higher harmonics (v3)
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Alver and Roland, PRC81, 054905



An elegant solution (QM11): higher harmonics (v3)
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Higher harmonics seem to describe consistently the 
“Mach Cone” and the “Ridge” at the same time!

correc%oncorrec%on
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4

Higher harmonics seem to describe consistently the 
“Mach Cone” and the “Ridge” at the same time!

Effect of higher harmonics on jets/jet-quenching not
yet experimentally measured. From theory: small effect !?

correc%oncorrec%on

Initial state fluctuations

• compute RAA at fixed PT = 10 GeV as a function of φ in ASW
→ left: with(out) vertex correlation, right: with(out) flow correction

0 1 2 3 4 5 6 7
! [rad]

0.15

0.2

0.25

0.3
R

A
A

no vertex correlations
full result

0 1 2 3 4 5 6 7
! [rad]

0.15

0.2

0.25

0.3

R
A

A

no flow (event #1)
full result (event #1)

no flow (event #2)
full result (event #2)

• intra-event and inter-event fluctuations are large and about same order of magnitude

• correlation of production vertex with hotspot decreases RAA by ∼ 20 %

• irregular flow field is not an issue

• qualitatively similar results for elastic MC model (see talk by J. Auvinen)

T. Renk, H. Holopainen, J. Auvinen, K. J. Eskola,1105.2647 [hep-ph]

Summary

• medium model uncertainties are as large as energy loss model uncertainties
→ no reason to expect that simplified models work

• initial state fluctuations are not a major effect
→ important for details

• pathlength dependence rules out elastic (incoherent) component >∼ 10 %
→ the medium dof are not light free quasiparticles (= large elastic eloss)
→ quantum coherence is important
→ finite E effects change the picture completely, need to be taken seriously

• only particular combinations of medium/eloss model are viable
→ both L2 and L3 without finite E correction describe the data
→ with finite E correction, only medium-determined Q0 is viable, L3 may be

•
√

s dep. provides independent constraints, but hydro extrapolation not unique
→ disfavours AdS and ASW
→ no reason to assume that strongly coupled formalisms work better

• currently YaJEM-D in 3+1d ideal hydro describes the combined data best

T. Renk QM11
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Constraining the parton kinematics

RAA and Di-hadrons are indirect measurements of jet quenching !

To study the full spectrum of jet 
quenching in an unbiased way:

Two approaches:

1. γ-jet: clean, but limited 
kinematic reach due to x-section
2. Full jet reconstruction:
large kinematic reach, but
complex analysis 
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Jets connect theory and experiment

6
PDF Partonic x-section

pQCD factorization/jet spectrum:

Jets are the experimental signatures 
of quarks and gluons. They reflect the 
kinematics and “topology” of partons.

Goal: re-associate (measurable) 
hadrons to accurately reconstruct 
partonic kinematics

• pQCD calculates partons

• experiments measure fragments of 
partons: hadrons

Tool: Jet-finding algorithms:
Apply same algorithm to data and
theoretical calculations
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For the first time in HI collisions: Jets @ RHIC
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STAR preliminary

~ 21 GeVSTAR, Hard Probes 2008

• Full jet reconstruction in HI collisions is a challenge due to the underlying background
• <pt(bkg)> ~ 45 GeV for a cone of R=0.4 in central Au+Au collisions
• Region-to-region background fluctuations ~6-7 GeV (gaussian approx.) for a R=0.4
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For the first time in HI collisions: Jets @ RHIC
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~ 21 GeVSTAR, Hard Probes 2008

• Full jet reconstruction in HI collisions is a challenge due to the underlying background
• <pt(bkg)> ~ 45 GeV for a cone of R=0.4 in central Au+Au collisions
• Region-to-region background fluctuations ~6-7 GeV (gaussian approx.) for a R=0.4

I will not go into detail on how to correct for 
background/fluctuations in jet-reconstruction 

in heavy-ion collisions ...

Significant progress has been made and most 
of the tools are available!

There are still open issues which need to be 
addressed and quantified to look for 

consistency between different approaches!
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Effect of background fluctuations at RHIC and LHC
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Toy model: use the independent emission model and p+p x-section
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Effect of background fluctuations at RHIC and LHC
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Monte Carlo

• Monte Carlo: GEANT PYTHIA + GEANT HIJING 
!Bin-by-bin unfolding corrections to jet spectra for 

detector ! underlying event ! analysis

! Asymmetry w/ detector ! underlying event ! 

analysis ! combinatoric 2nd jet

9
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Toy model: use the independent emission model and p+p x-section
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Effect of background fluctuations at RHIC and LHC
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Toy model: use the independent emission model and p+p x-section
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Effect of background fluctuations at RHIC and LHC
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Anti-kT R=0.4

Independent Particle Emission Background Model
dNch/dη(LHC)=2.5 dNch/dη(RHIC)
<pT>(LHC)=1.2 <pT>(RHIC)

Central HI Collisions

Toy model: use the independent emission model and p+p x-section

Fluctuations at RHIC dominant due to steeply falling spectrum
Small effect on inclusive jet x-section at the LHC for pTJet>100 GeV/c
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Inclusive jet x-section in heavy-ion collisions
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Au+Au collisions 0-10%

lines=unfolding 
uncertainties

STAR Preliminary

• Inclusive Jet spectrum measured in central 
Au+Au and Cu+Cu collisions at RHIC

• Extended the kinematical reach to study jet 
quenching phenomena to jet energies > 40 GeV

Run-5 Cu+ Cu spectra with fake rejection
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60−80%

ABT "  p + p
0−20%
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PHENIX Preliminary
c = 200 GeV/NNsRun−5 Cu + Cu 

 = 0.3#Gaussian filter, 

 compared to p +  puncorrected 
background−unfolded Cu + Cu

(Yue Shi Lai, for the PHENIX Collaboration) APS DPF Meeting 2009, Heavy Ions III 19 / 35

Y. Lai QM2009

M.Ploskon QM2009

Remark: New high statistics Au+Au runs on tape (Phenix and STAR) will increase significantly the kinematic reach!
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What do we learn from the Au+Au jet spectrum ?
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1

Cross‐sec)on ra)o 
AuAu/pp

p+p

Au+Au

Energy shi7?

Absorp)on?

Momentum and energy is conserved even for quenched jets

If full jet reconstruction in heavy-ion collisions is unbiased 

⇒ Inclusive jet spectrum scales with Ncoll relative to p+p
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 Jet RAA in central Au+Au and Cu+Cu

STAR sees a substantial fraction of jets in Au+Au 
- in contrast to x5 suppression for light hadron RAA 
Strong suppression (similar to single particle) 
in Cu+Cu measured by PHENIX
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STAR Preliminary

=200 GeV/cNNsAu+Au and p+p at 
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Inclusive RAA

M.Ploskon QM2009
Run-5 Cu+ Cu RAA compared to π0

)c (GeV/pprec−
T

p
0 5 10 15 20 25 30 35

AAR

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
PHENIX Preliminary

0−20%
 = 0.7 (PRL 101, 162301)!z" 0−10%, 0#

 = 200 GeVNNsRun−5 Cu + Cu 
 = 0.3$Gaussian filter, 

(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 20 / 30

Y. Lai QM2009
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First look at the jet energy profile

12

p+p: “Narrowing” of the jet 
structure with increasing jet energy

Au+Au: “Deficit” of jet energy of 
jets reconstructed with R=0.2 

Strong evidence of broadening in the jet energy profile 

R=0.2

R=0.4
M.Ploskon QM2009
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High-pT trigger jet selection  Flatter spectrum of recoil jets  
⇒ reduces the sensitivity to details of background fluctuations!

σ=6.5 GeV/c 

Anti-kT, R=0.4
Trigger Jet: pT,cut=2 GeV/c, pT(trig)>20 GeV/c

Advantage of recoil jet spectrum measurements

Recoil jet

Trigger jet
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High-pT trigger jet selection  Flatter spectrum of recoil jets  
⇒ reduces the sensitivity to details of background fluctuations!

σ=6.5 GeV/c 

Anti-kT, R=0.4
Trigger Jet: pT,cut=2 GeV/c, pT(trig)>20 GeV/c

Advantage of recoil jet spectrum measurements

Smearing parameters for pT,cut=0.2 GeV/c

Toy simulation

Recoil jet

Trigger jet
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Recoil jet spectrum RAA

14

• Selecting biased trigger jet maximizes pathlength for the 
back-to-back jets: extreme selection of jet population

• Significant suppression in di-jet coincidence measurements!

Recoil jet

Trigger jet

STAR Preliminary

E. Bruna QM2009
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Di-jet azimuthal correlation in Cu+Cu

15
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PHENIX Preliminary
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 = 0.3#Gaussian filter, 

symmetric jet−jet

c < 11.5 GeV/rec

T
p7.5 < 

Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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Figure 15: Comparison between the PHENIX Run-5 Cu +Cu at
√

sNN = 200 GeV RAA derived from unfolding (filled
symbols) and embedding (open symbols). The shaded box to the left indicates the p + p–Cu + Cu systematic uncertainty
in the jet energy scale, shaded boxes to the right shows centrality dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points indicate point-to-point systematic uncertainties, and error bars
indicate statistical uncertainties. Note that the flatness of RAA makes a comparison across different energy scales possible.

Figure 16: Comparison between the central PHENIX
Run-5 Cu +Cu at

√
sNN = 200 GeV jet RAA derived from

unfolding and the π0 RAA. The shaded box to the left in-
dicates the p + p–Cu +Cu systematic uncertainty in the
jet energy scale, shaded boxes to the right shows central-
ity dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points
indicate point-to-point systematic uncertainties, and er-
ror bars indicate statistical uncertainties. Note that while
the flatness of RAA makes a comparison across different
energy scales possible, π0 with 〈z〉 = 0.7 has a different
energy scale.

tainties, which gives us confidence that the unfolding
procedure is not significantly biasing the result. Fig-
ure 16 compares the central 20% suppression with the
π0 suppression from [2] (with the same notation as in
Figure 15). While the RAA of π0 has a different en-
ergy scale than jets, both RAA are approximately flat
with respect to pT within our accessible range and

Centrality Width

0–20% 0.223 ± 0.017

20–40% 0.231 ± 0.016

40–60% 0.260 ± 0.059

60–80% 0.253 ± 0.055

Table I Widths of Gaussian fit to the PHENIX Run-5
Cu+ Cu at

√
sNN = 200 GeV azimuthal angular correla-

tion for jets with 7.5 GeV/c < pCuCu
T < 11.5 GeV/c

therefore allows a comparison.
We observe a RAA that becomes gradually sup-

pressed with increasing centrality. The level of sup-
pression in the most central 20% centralities is at
RAA ≈ 0.5–0.6 and comparable to that of π0.

5.3. Cu+Cu jet-jet azimuthal correlations

The Cu +Cu jet-jet azimuthal correlation is ex-
tracted by correcting for the acceptance effect using
the area-normalized mixed event yield (e.g. [24]):

dN(∆φ)

d∆φ
=

1

A(∆φ)

dN raw(∆φ)

d∆φ
(10)

where A(∆φ) is the detector acceptance correction.
Using a Gaussian fit to the distribution, we extracted
the width for 7.5 GeV/c < pCuCu

T < 11.5 GeV/c. The
widths are consistent within the uncertainty across all
centrality ranges.

Figure 17 shows the azimuthal jet-jet correlation
with Gaussian fits for jets with 7.5 GeV/c < pCuCu

T <
11.5 GeV/c. Table I lists the Gaussian widths ex-

Recoil jet

Jet

Δϕ

Small kT broadening of surviving parton in Cu+Cu
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Di-jet azimuthal correlation in Cu+Cu
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Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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Figure 15: Comparison between the PHENIX Run-5 Cu +Cu at
√

sNN = 200 GeV RAA derived from unfolding (filled
symbols) and embedding (open symbols). The shaded box to the left indicates the p + p–Cu + Cu systematic uncertainty
in the jet energy scale, shaded boxes to the right shows centrality dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points indicate point-to-point systematic uncertainties, and error bars
indicate statistical uncertainties. Note that the flatness of RAA makes a comparison across different energy scales possible.

Figure 16: Comparison between the central PHENIX
Run-5 Cu +Cu at

√
sNN = 200 GeV jet RAA derived from

unfolding and the π0 RAA. The shaded box to the left in-
dicates the p + p–Cu +Cu systematic uncertainty in the
jet energy scale, shaded boxes to the right shows central-
ity dependent systematic uncertainty between embedding
and unfolding, shaded boxes associated with data points
indicate point-to-point systematic uncertainties, and er-
ror bars indicate statistical uncertainties. Note that while
the flatness of RAA makes a comparison across different
energy scales possible, π0 with 〈z〉 = 0.7 has a different
energy scale.

tainties, which gives us confidence that the unfolding
procedure is not significantly biasing the result. Fig-
ure 16 compares the central 20% suppression with the
π0 suppression from [2] (with the same notation as in
Figure 15). While the RAA of π0 has a different en-
ergy scale than jets, both RAA are approximately flat
with respect to pT within our accessible range and

Centrality Width

0–20% 0.223 ± 0.017

20–40% 0.231 ± 0.016

40–60% 0.260 ± 0.059

60–80% 0.253 ± 0.055

Table I Widths of Gaussian fit to the PHENIX Run-5
Cu+ Cu at

√
sNN = 200 GeV azimuthal angular correla-

tion for jets with 7.5 GeV/c < pCuCu
T < 11.5 GeV/c

therefore allows a comparison.
We observe a RAA that becomes gradually sup-

pressed with increasing centrality. The level of sup-
pression in the most central 20% centralities is at
RAA ≈ 0.5–0.6 and comparable to that of π0.

5.3. Cu+Cu jet-jet azimuthal correlations

The Cu +Cu jet-jet azimuthal correlation is ex-
tracted by correcting for the acceptance effect using
the area-normalized mixed event yield (e.g. [24]):

dN(∆φ)

d∆φ
=

1

A(∆φ)

dN raw(∆φ)

d∆φ
(10)

where A(∆φ) is the detector acceptance correction.
Using a Gaussian fit to the distribution, we extracted
the width for 7.5 GeV/c < pCuCu

T < 11.5 GeV/c. The
widths are consistent within the uncertainty across all
centrality ranges.

Figure 17 shows the azimuthal jet-jet correlation
with Gaussian fits for jets with 7.5 GeV/c < pCuCu

T <
11.5 GeV/c. Table I lists the Gaussian widths ex-

Recoil jet

Jet

Δϕ

Small kT broadening of surviving parton in Cu+Cu

Are we biasing our (di-)jet measurements towards
non-interacting jets? Or is our HI jet energy 

underestimated due to jet broadening!?

Can we test this with an independent measurement!?



Can we test our (potential) jet-finding biases with 
an independent measurement ?  



Can we test our (potential) jet-finding biases with 
an independent measurement ?  

Yes, utilize Jet-Hadron correlations (JH)!

Trigger jet
~ “p+p‐like”

Assoc.

Jet axis
0.2<pt,assoc<1.0 GeV 1.0<pt,assoc<2.5 GeV

pt,assoc>2.5 GeV

STAR Preliminary
0-20% Au+Au

ΔϕΔϕ
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0-20% Au+Au

STAR Preliminary
0-20% Au+Au

Increased kinematics in JH due to jet requirement!
Different systematics in bkg. correction compared 
to full-jet measurements! 

Δϕ=ϕJet − ϕAssoc. Δϕ=ϕJet − ϕAssoc.
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The two scenarios ...
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If tangential (halo) emission:
→ Away side yield in Au+Au similar to p+p,

also for low pT,assoc

If energy loss:
→ Decrease of high-pT,assoc particles
→ Strong enhancement of low pT,assoc

→ Broadening
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“Jet-finding bias” assessment via jet-hadron correlations

18

Away-side shows broadening and softening in jet-hadron correlations
⇒ Highly biased jets (pTCut>2 GeV) seem to be modified; 
    jet-finding algorithm not only reconstructing unmodified jet!

⇒ Suppression of di-jet coincidence most likely due to “out-of-cone energy”

Measure jet-hadron correlations with the requirement of a fully reconstruct recoil jet:

Away-side width Away-side IAA
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JH: Away-side width and IAA

19

• Significant (gaussian) jet broadening for recoil jets

• Softening of jet “fragmentation”: 
  suppression at high pT and enhancement at low pT (pT<2 GeV) 

• Measurements/conclusions robust wrt to background subtraction

 Further studies: jet energy scale/uncertainties on near-side (Δη study), included in systematics
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JH: Away-side DAA vs jet energy 

20

Away-side yields enhancement/suppression not fully 
balanced, more energy at low pT in Au+Au 
But significant amount of energy at 
low pT compensated by high-pT suppression!

∆B =
∫

dpassoc
T DAA(passoc
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T ) = YAA(passoc
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JH: Away-side DAA vs jet energy 

20

Away-side yields enhancement/suppression not fully 
balanced, more energy at low pT in Au+Au 
But significant amount of energy at 
low pT compensated by high-pT suppression!

∆B =
∫

dpassoc
T DAA(passoc

T )

Jet-quenching at work !

DAA(passoc
T ) = YAA(passoc

T ) · passoc
T,AA − Ypp(passoc

T ) · passoc
T,pp
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Direct γ-hadron correlations
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Tasso:
Braunschweig et al. , Z. Phys. 320 C47, 187
MLA:  
Borghini, Wiedemann, hep‐ph/0506218

Softening of jet fragmentation measured in γ-jets! 
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for pT < 20 GeV/c (Rhadron
AA ≈ 0.2). RJet

AA for R = 0.2 is markedly below RJet
AA for R = 0.4. Note70

the significant differences between kt and anti-kt algorithms, possibly arising from their different71

response to the heavy-ion background.72
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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At low pT, we are
measuring bulk 
effects (v3)!
Effect of vn at 
hight pT/Jets?
To be quantified!
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FIG. 4: (color online) v2 at 3 ≤ pt ≤ 6 GeV/c versus impact
parameter, b, compared to models of particle emission by a
static source (see text).

static medium are modeled using a step function (follow-
ing [26]) and a more realistic Woods-Saxon distribution
(following [27]). The corresponding v2 values are shown
as the upper and lower band, respectively. The lower and
upper boundaries of bands correspond to an absorption
that gives a suppression factor of 3 and 5 [5], respec-
tively, in central collisions. Over the whole centrality
range, the measured v2 values are much larger compared
to calculations. Taking into account that this measure-
ment is dominated by the lower pt side (3 GeV/c), the
quark coalescence mechanism [28] might be responsible
for the difference, but no quantitative explanation for the
observed large elliptic flow exists at the moment.

In summary, we have shown that the charged parti-
cle elliptic anisotropy in midcentral Au+Au collisions at√

s
NN

=200 GeV extends to large transverse momenta, at
least up to pt ∼ 7 GeV/c, as expected in a jet quenching
scenario. By performing multi-particle correlation analy-
sis and comparing the azimuthal correlations in Au+Au
collisions to those in p+p, we find the contribution of the
effects not associated with the reaction plane orientation
is relatively small in midcentral events but could be sig-
nificant in peripheral and central collisions. We report
stronger suppression of the back-to-back high pt correla-
tions for out-of-plane triggers compared to in-plane trig-
gers, again consistent with a jet quenching picture. v2

integrated from moderate to high pt, approximately in
the region where it reaches a maximum, clearly exceeds
the limits set for elliptic flow due to a simple jet quench-
ing mechanism, and still waits for quantitative theoretical
explanation.
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Figure 1: Inclusive jet cross-sections in
√

sNN = 200 GeV/c p+p (left) and Au + Au collisions (right) (kt and anti-kt, R:
0.2 and 0.4). Error bands described in the text. Published p+p data are from [6].

for pT < 20 GeV/c (Rhadron
AA ≈ 0.2). RJet

AA for R = 0.2 is markedly below RJet
AA for R = 0.4. Note70

the significant differences between kt and anti-kt algorithms, possibly arising from their different71

response to the heavy-ion background.72
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Fig. 2, right panel, shows the ratio of jet yield for R = 0.2 over that for R = 0.4, separately73

for p+p and Au+Au collisions. Several jet energy scale systematic uncertainties cancel in this74

ratio. For p+p collisions the ratio increases with pJet
T , consistent with a Pythia calculation but75

not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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not a recent NLO calculation [7]. The ratio is strongly suppressed for central Au+Au relative to76

p+p collisions, indicating substantial broadening of the jet structure in heavy ion collisions.77

4. Hadron-jet coincidences78

We study the correlation of high-pt trigger particles (BEMC cluster with pT > 6 GeV/c) with79

a recoiling jet (matched in away-side azimuth within |∆φ| < 0.4), comparing central Au+Au80

and p+p collisions. In Au+Au this exploits the geometric bias of high-pt hadron production [2]81
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Figure 4: Run-5 Cu+Cu ∆φ distribution for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c, gσdis >

17.8 (GeV/c)2 fake rejection, and different centralities

17.8 (GeV/c)2. After the application of fake rejection, a consistent power-law shape across all

centralities is evident.

Fig. 4 shows the reconstructed Cu+Cu dijet ∆φ distribution with gσdis > 17.8 (GeV/c)
2 and

for symmetric dijets with 7.5GeV/c < prec
T
< 11.5GeV/c in different centralities. Also here, the

application of fake rejection results in a ∆φ distribution that is consistent across all centralities

(within statistical errors).

In summary, we showed that jet physics can be effectively studied using PHENIX and the

Gaussian filter-based jet reconstruction algorithm we proposed. The proper rejection of fake jets

is an important aspect of applying jet reconstruction to heavy ion collisions. We have shown our

first results in p+p and Cu+Cu collisions. Further studies, including the measurement of RAA and

the fragmentation function, are underway.
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At low pT, we are
measuring bulk 
effects (v3)!
Effect of vn at 
hight pT/Jets?
To be quantified!
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FIG. 4: (color online) v2 at 3 ≤ pt ≤ 6 GeV/c versus impact
parameter, b, compared to models of particle emission by a
static source (see text).

static medium are modeled using a step function (follow-
ing [26]) and a more realistic Woods-Saxon distribution
(following [27]). The corresponding v2 values are shown
as the upper and lower band, respectively. The lower and
upper boundaries of bands correspond to an absorption
that gives a suppression factor of 3 and 5 [5], respec-
tively, in central collisions. Over the whole centrality
range, the measured v2 values are much larger compared
to calculations. Taking into account that this measure-
ment is dominated by the lower pt side (3 GeV/c), the
quark coalescence mechanism [28] might be responsible
for the difference, but no quantitative explanation for the
observed large elliptic flow exists at the moment.

In summary, we have shown that the charged parti-
cle elliptic anisotropy in midcentral Au+Au collisions at√

s
NN

=200 GeV extends to large transverse momenta, at
least up to pt ∼ 7 GeV/c, as expected in a jet quenching
scenario. By performing multi-particle correlation analy-
sis and comparing the azimuthal correlations in Au+Au
collisions to those in p+p, we find the contribution of the
effects not associated with the reaction plane orientation
is relatively small in midcentral events but could be sig-
nificant in peripheral and central collisions. We report
stronger suppression of the back-to-back high pt correla-
tions for out-of-plane triggers compared to in-plane trig-
gers, again consistent with a jet quenching picture. v2

integrated from moderate to high pt, approximately in
the region where it reaches a maximum, clearly exceeds
the limits set for elliptic flow due to a simple jet quench-
ing mechanism, and still waits for quantitative theoretical
explanation.
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[2] M. Gyulassy and M. Plümer, Phys. Rev. Lett. B 243, 432
(1990); X.N. Wang and M. Gyulassy, Phys. Rev. D 44,
3501 (1991); Phys. Rev. Lett. 68 1480 (1992); R. Baier,
D. Schiff and B. G. Zakharov, Ann. Rev. Nucl. Part. Sci.
50, 37 (2000).

[3] K. Adcox et al. [PHENIX Collaboration], Phys. Rev.
Lett. 88, 022301 (2002).

[4] C. Adler et al. [STAR Collaboration], Phys. Rev. Lett.
89, 202301 (2002).

[5] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.
91, 172302 (2003).

[6] C. Adler et al. [STAR Collaboration], Phys. Rev. Lett.
90, 082302 (2003).

[7] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.
91, 072304 (2003).

[8] C. Adler et al. [STAR Collaboration], Phys. Rev. Lett.
90, 032301 (2003).

[9] R. J. M. Snellings, A. M. Poskanzer and S. A. Voloshin,
nucl-ex/9904003.

[10] X. N. Wang, Phys. Rev. C 63, 054902 (2001).
[11] A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58,

1671 (1998).
[12] N. Borghini, P. M. Dinh, and J.-Y. Ollitrault, Phys. Rev.

C 63, 054906 (2001).
[13] N. Borghini, P. M. Dinh, and J.-Y. Ollitrault, Phys. Rev.

C 64, 054901 (2001).
[14] M. Anderson et al., Nucl. Instrum. Meth. A 499, 659

(2003).
[15] K. H. Ackermann et al. [STAR Collaboration], Nucl. In-

strum. Meth. A 499, 624 (2003).
[16] K. H. Ackermann et al. [STAR Collaboration], Phys.

Rev. Lett. 86, 402 (2001).
[17] C. Adler et al. [STAR Collaboration], Phys. Rev. C 66,

034904 (2002).
[18] Y. V. Kovchegov and K. L. Tuchin, Nucl. Phys. A 708

413c (2002); Nucl. Phys. A 717 249c (2003).
[19] M. Miller and R. Snellings, nucl-ex/0312008.
[20] S.S. Adler et al. [PHENIX Collaboration], Phys. Rev.

Lett. 91, 182301 (2003).
[21] G. Agakichiev et al. [CERES/NA45 Collaboration],

Phys. Rev. Lett. 92, 032301 (2004).
[22] J. Bielcikova, S. Esumi, K. Filimonov, S. Voloshin, and

J.P. Wurm, Phys. Rev. C 69, 021901(R) (2004).
[23] E. V. Shuryak, Phys. Rev. C 66, 027902 (2002).
[24] B. B. Back et al., Phys. Rev. C 65, 031901(R) (2002);

K. Adcox et al., Phys. Rev. Lett 86, 3500 (2001); I. G.
Bearden et al., Phys. Lett. B 523, 227 (2001).

[25] S. A. Voloshin, Nucl. Phys. A 715, 379c (2003).
[26] Xin-Nian Wang, private communication. Calculation is

based on the framework of Phys. Lett. B 595, 165 (2004).
[27] A. Drees, H. Feng, and J. Jia, nucl-th/0310044.
[28] D. Molnar and S. Voloshin, Phys. Rev. Lett. 91, 092301

(2003).

(?)

Utilize jet-finding as 
a tool to investigate
jet v2 and non-flow

(?)

Jet quenching @ RHIC: 
(Light flavor) Jet quenching measurements at 

RHIC (mid-rapidity) can be qualitatively 
explained in a consistent picture by significant 
broadening and softening of the jet structure 

caused by (pQCD-like) partonic energy loss in 
the medium!
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Just a reminder: LHC, the hard probes factory!

Huge increase in yield of 
hard probes/jet production!

The QGP at the LHC:

• fireball hotter and denser, lifetime 
longer than at RHIC

• dynamics dominated by partonic 
degrees of freedom

ALICE arXiv:1012.4035, arXiv:1011.3914, arXiv:1011.3916 

Anti-kT R=0.4
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Jet RCP at the LHC
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RCP vs. ET in centrality bins
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No significant ET dependence of RCP for ET>100 GeV
Similar  RCP suppression for R=0.2 and R=0.4!

RCPJet~ RAA ~ 0.5 (>50 GeV)→ jet quenching !
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Jet RCP at the LHC
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Reminder: Effect of background fluctuations at the LHC

25

Anti-kT R=0.4

Independent Particle Emission Background Model
dNch/dη(LHC)=2.5 dNch/dη(RHIC)
<pT>(LHC)=1.2 <pT>(RHIC)

Central HI Collisions

Toy model: use the independent emission model and p+p x-section

Small effect on inclusive jet x-section at the LHC for pTJet>100 GeV/c
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Effect of fluctuations on individual jet energy scale ...

26

pTJet(pp)

Pr
ob

ab
ili

ty

100<pTJet(HI)<110 GeV/c

LHC

Fluctuations have a visible effect on the p+p equivalent JES selection
Magnitude off effect dependents on details of the fluctuation spectrum
How to take n-th hard scattering into account not fully understood yet !?
Do they have an effect !? Remember on next slide you might “trigger” on them!?
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Di-jet energy imbalance Aj

27

Christof Roland 12 Quark Matter 2011, Annecy

Aj =
pT,1 - pT,2

pT,1 + pT,2

Dijet Asymmetry

• Dijet selection:

– | !Jet| < 2

– Leading jet pT,1 > 120GeV/c

– Subleading jet pT,2> 50GeV/c

– "#1,2 > 2$/3

• Quantify dijet energy imbalance by asymmetry ratio:

• Removes uncertainties in overall jet energy scale

Christof Roland 12 Quark Matter 2011, Annecy

Aj =
pT,1 - pT,2

pT,1 + pT,2

Dijet Asymmetry

• Dijet selection:

– | !Jet| < 2

– Leading jet pT,1 > 120GeV/c

– Subleading jet pT,2> 50GeV/c

– "#1,2 > 2$/3

• Quantify dijet energy imbalance by asymmetry ratio:

• Removes uncertainties in overall jet energy scale

Quantify energy imbalance:

Atlas:
Anti-KT R=0.4 (0.2)
pT,1 > 100 GeV
pT,2 > 25 GeV

An asymmetric event

39
More central, asymmetric dijet event
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Di-jet asymmetry measurements in ATLAS(CMS)

28

Di-jet Asymmetry

• Update:

– Full statistics

– Iteration step in 

background 

estimation

– Correction for flow  

in underlying event

– MC down to 35 GeV
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Di-jet Asymmetry

• Update:

– Full statistics

– Iteration step in 

background 

estimation

– Correction for flow  

in underlying event

– MC down to 35 GeV
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Pronounced di-jet energy imbalance observed in central Pb+Pb
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Di-jet asymmetry measurements in ATLAS(CMS)
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Di-jet Asymmetry

• Update:

– Full statistics

– Iteration step in 

background 

estimation

– Correction for flow  

in underlying event

– MC down to 35 GeV
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Dijet Energy Imbalance

Pronounced di-jet energy imbalance observed in central Pb+Pb
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Di-jet asymmetry: Fluctuations (may) matter ...
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Figure 2: Simulated distribution of AJ and ∆φ, as obtained when smearing the pt of jets
from Pythia 6.4 (DW tune [13]) by an amount σjet. None of the results in this figure involved
jet quenching. Four different σjet values are shown, and for each plot there are results
from Pythia simulations with two different generation cutoffs on the 2 → 2 scattering,
pmin
t = 30GeV and pmin

t = 70GeV, so as to illustrate its impact. The results labelled “pp”
reference always correspond to pmin

t = 30GeV with no smearing. Jet clustering has been
performed with the anti-kt algorithm [15] with R = 0.4, as implemented in FastJet [16].

centrality and |η| < 2.8, compatible with the average jet contamination found by ATLAS,
and an average charged-particle multiplicity for 0 − 10% centrality of 1400 for |η < 0.5|,
which is reasonably consistent with that measured by ALICE [19]. HYDJET’s simulation
of quenching has been turned off, to avoid the potential confusion that might arise from the
quenching of hard jets associated with the PbPb simulation rather than with the embedded
Pythia event. Since detectors can have an impact on fluctuations, we have also processed
the events through a (over-)simplified calorimeter simulation.6 To subtract the background
from jets we have taken the area/median method of [11, 20], using, for the estimation of
the background density, a (rapidity) StripRange of half-width 0.8 centred on the jet to
be subtracted, as described in more detail in [9]. This method should perform similarly
to the ATLAS method of background subtraction. With this setup, for collisions in the
0-10% centrality range, we find fluctuations per unit area of about 23GeV corresponding,

6Charged particles with pt < 0.5GeV are first removed, and the remaining particles are put on a
calorimeter of size 0.1 × 0.1 extending up to |η| = 4.5 with uncorrelated Gaussian fluctuations of width
0.8/

√
E in each cell and a 0GeV cell threshold. The number quoted above for the average energy flow are

those obtained at calorimeter level.

5

Cacciari et al, arXiv:1101.2878 Increasing fluctuations (on trigger jet)

}
Estimate from independent emission as well as measured by ALICE/ATLAS

Measurement depends on the details of the fluctuation spectrum!
Current background estimates suggests only small effects!
But: n-th scattering, even rare, you might “trigger” on them ... (more studies needed)
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Missing pT|| continued: Where are the low-pT particles?
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Fragmentation Functions in Pb+Pb at the LHC
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Fragmentation Functions, pp and PbPb

PbPb PbPb PbPbPbPb

Leading and subleading jet in PbPb fragment like jets of
corresponding energy in pp collisions

Leading and subleading jet in PbPb fragment like jets of 
corresponding energy in pp collisions
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Fragmentation Functions in Pb+Pb at the LHC
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Fragmentation Functions, pp and PbPb

PbPb PbPb PbPbPbPb

Leading and subleading jet in PbPb fragment like jets of
corresponding energy in pp collisions

Leading and subleading jet in PbPb fragment like jets of 
corresponding energy in pp collisions

Jet Fragmentation Ratios (Longitudinal)

• Evaluate ratio of                          in different 
centrality bins to peripheral (40-80%)

!At most, small (~ 20%) weakly z-dependent  
suppression in central (0-10%) collisions.

19
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With only a small high-z suppression (20%) ...
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What does that mean ...

33

What is measured:
z=pTTrack/pTJet

with leading jet:
z=pTTrack/pT,1Jet

and sub-leading jet:
z=pTTrack/pT,1Jet

Christof Roland 25 Quark Matter 2011, Annecy

Parton Fragmentation

• Momentum Fraction z
– characteristic of the parton showering process

– z=pT
hadron/pT

parton

Christof Roland 26 Quark Matter 2011, Annecy

 !=ln(1/z) Representation

 z
 =

 0
.5

 z
 =

 0
.1 Soft particles

pT < 1GeV/cpT,1Jet

pT,2Jet

R=0.3

pTParton=pTJet=pT,2(1)Jet+ΔpT,2(1)

If the jet loses energy at larger angles 
(R>0.3) then the LHC FF measures the 
jet core fragmenting in vacuum with a 
reduced jet energy (as the RHIC results 
suggest)!
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Summary

34

Jet quenching measurements at RHIC can be qualitatively 
explained in a consistent picture by significant broadening 
and softening of the jet structure favoring a (pQCD-like) 
partonic energy loss in the medium

Suppression of jet RCP as well as significant di-jet energy 
imbalance observed at the LHC which is balanced at low-pT 
at large angles (R>0.8)

Jet fragmentation functions (with small R=0.3) are unmodified
wrt to p+p, suggesting energy loss followed by vacuum
fragmentation outside the medium, consistent with RHIC

Is there (qualitative) agreement between the LHC and RHIC results!?
(We are comparing 30GeV vs. 100GeV jets ... but remember also p+Pb reference needed!)

Some open issues concerning background corrections should 
be addressed before drawing strong conclusion!
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Outlook

35

The landscape of hard probes is rich and exciting!
Measure heavy quark energy loss (b-tagged jets) with RHIC upgrades and at the 
LHC, still open theoretical issue to describe heavy and light flavor energy loss in a 
consistent framework!

But this is just 
the start ... 

Direct γ-Jets at
LHC allow access
to lower jet energies
→ connection to RHIC



Backup 
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JH: Near-side IAA and energy balance DAA ...
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• Jet broadening on trigger/near-side!

• Enhancement at low pT (pT<2-3 GeV): 
  bkg. biases and/or bulk effects v3 !?
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Remark: No higher harmonics included in background subtraction! vn for jets not really determined! Open issue!

Both scenarios included in systematic uncertainties!

A. Ohlson QM2011
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Test Ncoll scaling with direct photons

38

PHENIX

Direct γ spectra

Scaled 
by Ncoll

Direct γ in A+A scales with Ncoll

A+A initial state is incoherent superposition of p+p for hard probes

γ: no interactions

Hadrons: energy loss

RAA = 1

RAA < 1

PHENIX, PRL 94, 232301

Centrality
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Test Ncoll scaling with direct photons
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PHENIX

Direct γ spectra

Scaled 
by Ncoll

Direct γ in A+A scales with Ncoll

A+A initial state is incoherent superposition of p+p for hard probes

γ: no interactions

Hadrons: energy loss

RAA = 1

RAA < 1

PHENIX, PRL 94, 232301

Centrality
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Path length dependence and v2

v2 at high pT due to energy loss

Most calculations give too small effect, still an open issue.
Also experimentally, need to measure “jet v2”

PH
EN

IX PRL105, 142301
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Dihadron yield suppression at high-pT

Away-side: Suppressed by factor 4-5 
⇒ large energy loss
But no shape modification in zT!

Near side Away side

STAR PRL 95, 152301

8 < pT,trig < 15 GeV

Yield of additional 
particles in the jet

Yield in balancing 
jet,  after energy loss

Near side: No modification 
⇒ Fragmentation outside medium?

Near side
associated

trigger

Away side associated

trigger

8<pT
trig<15 GeV
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High-pT dihadron correlations at the LHC

41

Near-side of central events slightly enhanced IAA ~ 1.2!
Away side of central events suppressed: IAA ~ 0.6 
less than RHIC, but similar to RHIC no shape modification
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Near-side IAA enhancement at the LHC ...

42

RHIC, steeper, more exponential
spectrum does not change the
shape IAA~1, harder (more power law)
spectrum at LHC leads to IAA>1 

T Renk, PRC 77, 044905 (2008)

Larger energy loss of gluons 
in the medium and harder 
fragmentation of quarks 

Initial (pT)-5

Quenched (pT+2)-5

parton pT (GeV/c) parton pT (GeV/c)

from (pT)-5

from (pT+2)-5

8 < pT,trig < 15
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Near-side IAA enhancement at the LHC ...

42

Same trigger pT in Pb+Pb 
collisions probes a different 
parton spectrum than in p+p 
collision

RHIC, steeper, more exponential
spectrum does not change the
shape IAA~1, harder (more power law)
spectrum at LHC leads to IAA>1 

T Renk, PRC 77, 044905 (2008)

Larger energy loss of gluons 
in the medium and harder 
fragmentation of quarks 

Initial (pT)-5

Quenched (pT+2)-5

parton pT (GeV/c) parton pT (GeV/c)

from (pT)-5

from (pT+2)-5

8 < pT,trig < 15



Nuclear Modification at the LHC

43

Similar suppression of RAA at intermediate pT wrt to RHIC
suggests larger energy loss, due to “flatter” jet spectrum



Nuclear Modification at the LHC

43

Similar suppression of RAA at intermediate pT wrt to RHIC
suggests larger energy loss, due to “flatter” jet spectrum

Rise of RAA at high pT suggests a radiative energy loss picture
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The ridge/v3 for “high-pT” trigger PID

44

4 < pT,trigger < 6 GeV/c and pt,assoc. > 1.5 GeV/c

|Δφ|<0.73

Au+Au

Au+Au

0 <|Δη|<1.5 
Trigger:
π±

(P±+K±)
Charged h

Near-side: Larger ridge/v3 effect for protons as compared to pion
                  Jet peak larger for pions, also seen in d+Au

Away-side: Difference in away-side structure between protons and pions
                    v3 more visible for proton triggers!?
                    Are we sampling with proton triggers from recombination
                    more of the bulk in this kinematic? Or other effects?
                    Can be checked with protons at higher pT!



pt,rec(AuAu)>25 GeV
⇒ < pt,rec(pp)> ~ 25 GeV

STAR Preliminary

Jörn Putschke, RHIC/AGS Users Meeting 2011

Recoil “Fragmentation Function” in Au+Au collisions

45

AntiKt R=0.4

STAR Preliminary

pt,rec(AuAu)>25 GeV
⇒ < pt,rec(pp)> ~ 25 GeV

Small/”no” modification in the “fragmentation
function” for jet pt  < pt,rec(pp)> ~ 25 GeV at high z!

large uncertainties due to background 
(further systematic evaluation needed) 

Jet

Fragmentation 
process

Hard scatter

E. Bruna QM2009
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First year LHC: Jet x-section!

46

Scaled by Ncoll (selected bins)

23
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Missing pT||

47

3.3 Overall momentum balance of dijet events 21

for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, 〈"p‖T〉, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The 〈"p‖T〉 values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (∆R < 0.8) one of the leading or subleading jet cones
(left) and outside (∆R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to 〈"p‖T〉 for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to 〈"p‖T〉 (i.e., in the direction of the leading jet)
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Di-jet Asymmetry, R = 0.2

23

R = 0.2

ET1 > 100 GeV

ET2 > 25 GeV

NB: underlying event fluctuations in R = 0.2 ~ 1/2 of R = 0.4
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Di-jet asymmetry CMS R=0.5
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Christof Roland 13 Quark Matter 2011, Annecy

PbPbPbPb

PbPb PbPb PbPb PbPb

PbPbPbPb PbPbPbPb

pp

Dijet Energy Imbalance
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Christof Roland 32 Quark Matter 2011, Annecy

PbPb/pp vs Dijet imbalance

Central PbPb 

0-30%

       

FF vs. Aj

50



Jörn Putschke, RHIC/AGS Users Meeting 2011

JH: IAA and width vs. jet energy
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Bulk properties at the LHC (ALICE)
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ITS-TPC and TPC stand-alone tracking are in excellent
agreement. Because of the smaller corrections for the
azimuthal acceptance, the results obtained using the TPC
stand-alone tracks are presented in this Letter.

The pt-differential flow was measured for different
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and 4-particle
cumulant methods [34], denoted v2f2g and v2f4g. To cal-
culate multiparticle cumulants we used a new fast and
exact implementation [35]. The v2f2g and v2f4g measure-
ments have different sensitivity to flow fluctuations and
nonflow effects—which are uncorrelated to the initial ge-
ometry. Analytical estimates and results of simulations
show that nonflow contributions to v2f4g are negligible
[36]. The contribution from flow fluctuations is positive
for v2f2g and negative for v2f4g [37]. For the integrated
elliptic flow we also fit the flow vector distribution [38] and
use the Lee-Yang zeros method [39], which we denote by
v2fq-distg and v2fLYZg, respectively [40]. In addition to
comparing the 2- and 4-particle cumulant results we also
estimate the nonflow contribution by comparing to corre-
lations of particles of the same charge. Charge correlations
due to processes contributing to nonflow (weak decays,
correlations due to jets, etc.) lead to stronger correlations
between particles of unlike charge sign than like charge
sign.

Figure 2(a) shows v2ðptÞ for the centrality class 40%–
50% obtained with different methods. For comparison, we
present STAR measurements [41,42] for the same central-
ity from Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, indicated
by the shaded area. We find that the value of v2ðptÞ does
not change within uncertainties from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV to
2.76 TeV. Figure 2(b) presents v2ðptÞ obtained with the 4-
particle cumulant method for three different centralities,
compared to STAR measurements. The transverse momen-
tum dependence is qualitatively similar for all three cen-
trality classes. At low pt there is agreement of v2ðptÞ with
STAR data within uncertainties.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2ðptÞ together with the
charged particle pt-differential yield. For the determina-
tion of integrated elliptic flow the magnitude of the charged
particle reconstruction efficiency does not play a role.
However, the relative change in efficiency as a function
of transverse momentum does matter. We have estimated
the correction to the integrated elliptic flow based on
HIJING and THERMINATOR simulations. Transverse momen-
tum spectra in HIJING and THERMINATOR are different,
giving an estimate of the uncertainty in the correction.
The correction is about 2% with an uncertainty of 1%. In
addition, the uncertainty due to the centrality determina-
tion results in a relative uncertainty of about 3% on the
value of the elliptic flow.

Figure 3 shows that the integrated elliptic flow increases
from central to peripheral collisions and reaches a

maximum value in the 50%–60% and 40%–50% centrality
class of 0:106$ 0:001ðstatÞ $ 0:004ðsystÞ and 0:087$
0:002ðstatÞ $ 0:003ðsystÞ for the 2- and 4-particle cumu-
lant method, respectively. It is also seen that the measured
integrated elliptic flow from the 4-particle cumulant, from
fits of the flow vector distribution, and from the Lee-Yang
zeros method, are in agreement. The open markers in Fig. 3
show the results obtained for the cumulants using particles
of the same charge. The 4-particle cumulant results agree
within uncertainties for all charged particles and for the
same charge particle data sets. The 2-particle cumulant
results, as expected due to nonflow, depend weakly on
the charge combination. The difference is most pro-
nounced for the most peripheral and central events.
The integrated elliptic flow measured in the 20%–30%

centrality class is compared to results from lower energies
in Fig. 4. For the comparison we have corrected the inte-
grated elliptic flow for the pt cutoff of 0:2 GeV=c. The
estimated magnitude of this correction is ð12$ 5Þ% based
on calculations with THERMINATOR. The figure shows that
there is a continuous increase in the magnitude of the
elliptic flow for this centrality region from RHIC to LHC
energies. In comparison to the elliptic flow measurements
in Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, we observe
about a 30% increase in the magnitude of v2 at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV. The increase of about 30% is larger than in
current ideal hydrodynamic calculations at LHC multiplic-
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FIG. 2 (color online). (a) v2ðptÞ for the centrality bin 40%–
50% from the 2- and 4-particle cumulant methods for this
measurement and for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
(b) v2f4gðptÞ for various centralities compared to STAR mea-
surements. The data points in the 20%–30% centrality bin are
shifted in pt for visibility.
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We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
larger than those measured at RHIC, and indicate a
stronger energy dependence than measured in pp colli-
sions. The result presented in this Letter provides an es-
sential constraint for models describing high energy
nucleus-nucleus collisions.
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FIG. 4 (color online). Comparison of this measurement with
model predictions. Dashed lines group similar theoretical ap-
proaches.
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We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
larger than those measured at RHIC, and indicate a
stronger energy dependence than measured in pp colli-
sions. The result presented in this Letter provides an es-
sential constraint for models describing high energy
nucleus-nucleus collisions.
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ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
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7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at
√
sNN =

2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

transverse radii. The homogeneity volume is found to be larger by a factor of two. The decoupling time

for midrapidity pions exceeds 10 fm/c which is 40% larger than at RHIC. These results, taken together

with those obtained from the study of multiplicity [23, 24] and the azimuthal anisotropy [11], indicate

that the fireball formed in nuclear collisions at the LHC is hotter, lives longer, and expands to a larger

size at freeze-out as compared to lower energies.
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Jet Spectrum Unfolding and Corrections
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Corrections for smearing 
of jet pt due to HI bkg. 
nonuniformities:

1) raw spectrum

2) removal of “fake”- 
    jet correlations 
    (via randomizing HI event)

3) unfolding (bayesian) of 
    HI bkg. fluctuations
    (gaussian approximation)

4) correction for pT resolution
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Jets: “Seeing” quarks and gluons (partons) 
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In high-energy collisions, observe the fragments of quarks, gluons (‘jets’)
The energy sum of all the fragments = jet energy = parton energy!


